Discriminative stimulus functions of drugs of abuse play an important role in the acquisition, maintenance and reinstatement of drug-taking behavior. The present study tested whether two different schedules of stressor presentation, i.e., repeated and variable, for 10 days, can modify the discriminative stimulus effects of cocaine in male rats trained to discriminate cocaine (10 mg/kg, i.p.) from saline. Dopamine (DAT), serotonin (SERT) and norepinephrine (NET) transporter levels in mesocorticolimbic areas were also measured using western blotting after stress exposure to determine if the relative ratio of these proteins may explain differences in behavior. Rats exposed to both repeated and variable stress displayed shifts in the cocaine doseeresponse curve but with different patterns of responding. In handled controls, ED 50 values for cocaine-like responding were stable after 10 days of handling compared to baseline. Repeated stress produced a transient left-ward shift in cocaine-like responding, indicating increased sensitivity to the cocaine cue. ED 50 values after variable stress did not differ from baseline, although maximal cocaine-like responding was lower at the two highest doses of cocaine tested at which variably stressed rats exhibited more saline-like responding. Alterations in DAT and NET were found in the Repeated Stress group and DAT and SERT in the Variable Stress group in select brain regions which may be responsible for differences in behavior.
Introduction
Relapse is a major obstacle in the treatment of addiction. While many drug addicts are able to remain abstinent through early recovery, the risk for relapse remains high even after protracted periods of abstinence (McKay, 1999; Mendelson and Mello, 1996) . Both clinical and preclinical studies suggest that stressful experiences precipitate relapse in some abstinent users (Kreek and Koob, 1997; Marlatt and Gordon, 1985; Shalev et al., 2000; Sinha, 2001) . Understanding how stress interacts with the behavioral and neurochemical effects of drugs of abuse is important for developing prevention and treatment strategies for stress-induced relapse to drug addiction.
Several studies have suggested that "craving" is often elicited by stress exposure in abstinent drug users. Interestingly, stressors elicit qualitatively similar interoceptive cues as those produced by psychomotor stimulants such as cocaine (Back et al., 2010; Coffey et al., 2002; Sinha, 2001; Sinha et al., 1999) . For example, many salient components of the subjective responses to psychostimulants such as "anxiety" and "jittery/nervousness" (Chait et al., 1986; Fischman et al., 1976) are also reported during stress tasks (Harris et al., 2005) . This is in agreement with preclinical studies showing that exposure to stressors such as electric foot-shock (Mantsch and Goeders, 1999) , restraint (or immobilization; Mantsch and Goeders, 1998) and psychosocial stress (Miczek et al., 1999) reinstate extinguished cocaine responses, and stress has also been shown to engender drug-like responding in drug discrimination experiments (Mantsch and Goeders, 1998; Miczek et al., 1999) . Further, clinical studies have found that abstinent drug users describe intense drug craving after exposure to a stressful situation (Sinha et al., 1999 (Sinha et al., , 2007 .
One possible mechanism that mediates behavioral responses between stress and drug abuse is common or overlapping neurobiological substrates. The mesocorticolimbic system, while important for the behavioral effects of cocaine, is also a target for glucocorticoids (Harfstrand et al., 1986) and the interaction between stress and dopamine (Joels and De Kloet, 1994; Marinelli and Piazza, 2002; Rouge-Pont et al., 1995; Sarnyai et al., 2001) . Evidence suggests that exposure to stressors provokes dopamine release in the mesolimbic system (Abercrombie et al., 1989) , and alters dopamine receptor responsiveness to subsequent stimulation (Barrot et al., 2000; Biron et al., 1992; Joels and De Kloet, 1994) often leading to cross-sensitization between stress and psychostimulant administration (Antelman et al., 1980) . Further, activity in striatal regions during stress tasks is significantly increased in cocaine users compared to healthy controls and this increase is related to reports of stress-induced cocaine craving (Li et al., 2005; Sinha et al., 2006) .
Developing more effective pharmacotherapies for prevention of stress-induced relapse will require a better understanding of how stress alters cocaine's interoceptive cue and the neurobiological correlates of these changes. To that end, the following experiments were designed to study the effects of chronic exposure to two different schedules of stressor presentation, repeated or variable, on the discriminative stimulus effects of cocaine. Drug discrimination is considered an animal model of the subjective effects of drugs that is sensitive to the distinct pharmacological effects of the training drug. Thus, testing animals before and after stress exposure will provide insight into changes to the pharmacological mechanisms responsible for the subjective effects of cocaine. Two schedules of stress were studied because prospective clinical reports have found that acute stressors and chronic adverse life events are both associated with subsequent drug relapse Sinha, 2001) . Laboratory-based studies also show that the profile of subjective effects elicited varies depending on the type of stress administered (Back et al., 2010; Harris et al., 2005) . For example, when subjective ratings on the Trier Social-Stress Test (TSST) and Stress Imagery Tests were compared in abstinent cocaine-and methamphetamine-dependent subjects, the Stress Imagery Test produced significantly larger increases in the PANAS subscales Angry, Disturbed, Fearful, and Guilty, and in the Negative Affect Scale compared to the TSST. Interestingly, both tasks produced similar increases in ratings of "Desire for Stimulant." Thus, it is conceivable that stressor exposure increases the likelihood of relapse regardless of the type of stress exposure, but through different mechanisms.
Adult, male rats were trained to discriminate cocaine (10 mg/kg, intraperitoneal; IP) from saline and then exposed to either handling (control), repeated stress or variable stress with cumulative cocaine discrimination doseeeffect curves determined before and after control or stress exposure. Further, we were interested in determining which neurotransmitter systems may be differentially regulated during repeated or variable stress that would be associated with different patterns of cocaine-like responding. To test this, we focused on the monoamine transporters for dopamine (DAT), serotonin (SERT), and norepinephrine (NET) in the prefrontal cortex (PFC), nucleus accumbens (NAc), caudate-putamen (CPu), and ventral tegmental area (VTA). The monoamine transporters were targeted because cocaine has direct pharmacological interactions with these proteins and these brain areas have been shown to be important for the behavioral effects of cocaine (Wise, 1998) and because stress (particularly increases in corticosterone) has been shown to alter monoamine systems (Nestler et al., 2002; Morilak et al., 2005; Sarnyai et al., 2001) . Serotonin and norephinephrine also have modulatory effects on dopamine neurotransmission which may impact discriminative performance.
Materials

Subjects
Adult male, Long-Evans rats (Harlan, Indianapolis, IN) were housed in standard polycarbonate shoebox bins with woodchip bedding. All behavioral assessments took place between 1600 h and 1800 h in the light phase of a 12:12 h light:dark cycle. Upon arrival to the colony, rats were maintained on ad libitum food and water until body weight reached 350 (AE10) g and were then fed sufficient chow (approximately 12e15 g) daily to maintain this weight for the remainder of the experiment unless otherwise noted. All procedures were in compliance with National Institutes of Health and National Research Council guidelines (2003) and were approved by the Institutional Animal Care and Use Committee at American University.
Drugs
Cocaine hydrochloride (generously supplied by the National Institute on Drug Abuse) was prepared in 0.9% saline vehicle. All doses were administered IP at a volume of 1 ml/kg.
Methods
3.1. Drug discrimination 3.1.1. Behavioral apparatus Experimental sessions were conducted with subjects placed in custom designed operant-conditioning chambers measuring 27.7 cm Â 19.8 cm Â 20.0 cm. Two empty graduated Nalgene drinking bottles were mounted 13 cm from each side of a center-mounted food hopper on one wall. The metal lick spout of each bottle was situated such that it was flush with the outer wall of the chamber. Bottle contact was detected by a drinkometer (Lafayette Instruments Model 58008). A 28-V cue-light centered above the food cup was illuminated during all sessions except where noted below. All events were programmed on a desktop Dell PC connected to the boxes via a Med Associates Interface that also recorded all lick responses. A white noise generator masked extraneous sounds during experimental sessions, and a desk lamp with a red light bulb was used to illuminate the room.
Drug discrimination procedures
Training began following 7 days of daily handling and weighing. During training sessions, rats were administered saline or cocaine and placed into the chamber with only the non-drug (ND) or drug (D) associated bottle present, respectively. After 15 min, the center cue light was illuminated and rats were trained to make contact with the metal lick spout under a fixed-ratio 1 (FR1) schedule of reinforcement for 45-mg food pellets (BioRad). A 10 s time-out during which the cue light became dark and bottle licks had no programmed consequences followed delivery of each pellet. The assignment of ND and D associated bottles was counterbalanced across subjects. Saline and cocaine sessions alternated with the requirement that no condition was repeated for more than three consecutive sessions. As responding stabilized, the response requirement for each pellet was increased across 15 min sessions until an FR 10 was reached. At this point, both ND and D associated bottles were present during the sessions and the response requirement was gradually increased again to FR15. A consecutive response contingency was in effect such that licking the condition-inappropriate bottle prior to completing the response requirement reset the count toward completion of the response requirement for pellet delivery to zero.
Individual performance criteria for the discrimination were that (1) the first FR15 and (2) at least 95% of all total responses must have been completed on the stimulusappropriate bottle. Before beginning cumulative dose testing (described below), three component tests within a single session were given to assess bottle shifting between components and stimulus control by the training conditions. That is, three successive 5 min test components were preceded by 15-, 10-and 10 min timeout intervals, respectively, where either saline or 10 mg/kg cocaine was injected prior to each component. This gave tests of (1) ND-D-ND, (2) ND-ND-ND and (3) ND-ND-D.
Subsequently, a cumulative doseeeffect procedure was used for testing which allowed an assessment of multiple doses of cocaine each day for each rat. The doseeeffect test sessions consisted of six 5 min test components to determine a sixpoint cumulative doseeeffect curve for cocaine. During doseeeffect tests, a vehicle injection was administered 15 min before the first component to establish a baseline level of responding. After the first component, cocaine (1.0 mg/kg) was administered 10 min before the next 5 min component. This procedure was repeated for four more cycles to obtain the full doseeeffect curve. The doses used were 1.0 (cumulative dose: 1.0), 2.2 (3.2), 2.4 (5.6), 4.4 (10) and 8.0 (18) mg/kg of cocaine. Doseeeffect tests were administered for 3 to 4 consecutive tests to establish a stable baseline level of responding for each rat. Stability was defined as individual ED 50 values not varying more than 20%.
Handling/stress procedures
On the day after baseline responding was established, the handling/stress procedures began. During this procedure, training and testing were suspended and animals remained in their home cages for 10 days. Rats continued on the restricted food schedule to maintain weights at approximately 350 (AE10) g during this phase and received regular cage maintenance. Rats in the Handled group were removed from their home-cage and handled for about 60 s twice each day and placed back in their home-cage with no other disruptions for the entire 10-day period. Over the same period, rats in the Repeated Stress group were weighed each morning and then restrained in custom plastic restraint tubes (6.5 cm I.D. Â 21.5 cm L) for 60 min in the afternoon (about 1530 h). The restraint stress was performed in a separate room adjacent to the housing room. After the stress, rats were kept in the experimental room for 30 min before being returned to the housing room. Rats in the Variable Stress group were exposed to various stressors presented randomly, two per day, over the 10 day period. The variable stress procedure was based on published methods (Ortiz et al., 1996) , and details are shown in Table 1 . Animals in all three conditions were handled twice daily to equate the amount of experimenter contact in all groups.
Post-handling/stress testing
Cumulative cocaine drug discrimination tests identical to those administered prior to the initiation of handling/stress were completed on the day immediately following completion of the handling/stress procedure (Post 1) and one day later (Post 2).
Determination of corticosterone and monoamine transporter levels
For determination of corticosterone and monoamine transporter levels, a separate group of adult, male Long-Evans rats (n ¼ 5/group) were trained to discriminate 10 mg/kg cocaine (IP) from saline and were then exposed to one of the three stress manipulations exactly as described above. However, instead of discrimination testing on Post 1, blood was collected at 1000e1100 h via tail-vein to measure baseline corticosterone levels after stress. Three hours later, rats were given an IP injection of 10 mg/kg cocaine followed 15 min later by decapitation. Plasma for corticosterone measurement and brains for western blotting were collected and immediately stored at À80 C.
Corticosterone
Plasma corticosterone concentrations were determined by radioimmunoassay using commercially available kits (MP Biomedicals LLC, Irvine, CA, USA). Plasma samples were run in one assay using the standard dilution method (sample dilution ¼ 1:200). Average intra-and inter-assay variability across assays were 5.6 and 8.8%, respectively.
Western blot
As noted, brains were rapidly collected after decapitation and immediately stored at À80 C. At processing, 60-micron coronal slices of brain regions according to the coordinates from Paxinos and Watson (2005) were made using a cryostat and collected onto glass slides. The slides were then kept at À80 C before regional dissection. Frozen slides were observed at 40Â magnification on an Olympus SZX16 Research Stereo Microscope, and isolation and removal of the PFC, NAc, CPu, VTA was done under the microscope without thawing. Dissection was completed using a procedure similar to that described by Palkovits (1973) . Once collected, tissue was again stored at À80 C.
Tissue was homogenized on ice with 3 ml of 1Â Radio Immuno Precipitation Assay (RIPA) Buffer/g tissue. Samples were centrifuged at 13,000 rpm for 10 min at 4 C, the pellet discarded and lysate transferred to a new microtube and recentrifuged under the same conditions. Lysate from the second centrifugation were used for western blotting. Protein concentrations were calculated using Biorad Protein Assay Dye (Pierce, Rockford, IL), and the amount of lysate needed for 20 mg of protein was added to 6.3 ml of 4Â dye with the remaining volume of RIPA buffer added for a total of 25 ml loaded in each well. Samples were then heated at 70 C for 10 min before loading onto 4e12% BiseTris gels and electrophoresed for 80 min at 125 V in 20Â MES SDS running buffer (Invitrogen). As seen in Fig. 5 , each brain area from individual subjects was loaded onto a separate gel. Protein was then transferred onto nitrocellulose membrane using 1Â transfer buffer (Invitrogen) for 80 min at 25 V.
After transfer, the membrane was blocked in 5% milk in 1Â TBST overnight at 4 C. The following day, membranes were brought to room temperature and then incubated with primary antibody. The following primary antibodies were used: dopamine transporter (DAT; 1:200, Santa Cruz, CA), serotonin transporter (SERT; 1:1000, Santa Cruz, CA), norepinephrine transporter (NET; 1:1000, Millipore), cFos (1:1000, Cell Signaling) and b-actin (1:2000; Cell Signaling). Antibodies were diluted in 5% milk and rocked for 1 h at room temperature. After incubation, membranes were washed three times for 10 min each with TBST and then incubated in secondary antibody for 45 min (anti-goat HRP (1:2000; Cell Signaling) for NET and anti-rabbit HRP (1:2000; Cell Signaling) for all other antibodies. After additional washes in TBST, membranes were developed using Pierce West Pico Chemiluminescence substrate. Bands were visualized on a UVP Biosystem Imaging system. Densitometry for protein bands was performed using NIH Image J program. Beta-actin served as the housekeeping gene.
Data analysis
One rat in the Handled group was removed from the final analysis because no cocaine-like responding was produced during the cumulative testing procedure, and another rat in the Repeated Stress group was removed because it responded exclusively on the cocaine-associated lever during all baseline test sessions. This left five, five and six subjects in the Handled, Repeated Stress and Variable Stress groups, respectively. To determine generalization profiles, group means were calculated for cocaine-appropriate responding at each dose. ED 50 values (with 95% confidence limits; CL) on cocaine-appropriate responding were determined using linear interpolation with individual subjects on the group data prior to and following the handling/stress manipulations. Individual ED 50 values were also compared on Post 1 and Post 2 to their own baseline using paired t-tests. Response rates were calculated by dividing the total responses on both bottles when the cue lights were illuminated by the total session time (in sec) and expressed as responses per second. Values were then transformed to a percent of baseline responding and were subjected to a repeated measures ANOVA with Tukey's HSD post-hocs. Rate of responding for each group was analyzed using a 2 Â 3 Â 6 mixed ANOVA. Changes in body weight were determined by dividing each animal's weight on Post 1 by its weight on the last day prior to handling/stress and then transformed to a percentage. One-way ANOVAs, with Tukey's HSD post-hocs were used to compare changes in body weight. Corticosterone levels were analyzed using separate one-way ANOVAs for the baseline and cocaine-induced data because blood was collected using different sampling techniques (i.e., tail clip and trunk blood). After western blot density was quantified for each protein in each brain region using the Image J Method, values of individual animals in the Repeated Stress and Variable Stress groups were transformed to a percent of Handled controls and were subjected to one-way ANOVA with Tukey's HSD post-hocs. All statistical and graphing procedures were performed using GraphPad Prism v.5.0 or SPSS v.16.
Results
Cocaine-like responding: baseline
Cocaine engendered dose-dependent cocaine-like responding in all rats during baseline conditions (see Fig. 1 
Cocaine-like responding: post handling/stress
Cocaine continued to engender dose-dependent responding after 10 days of handling in the control group. ED 50 values were stable throughout all testing in that baseline and post-handling doseeresponse curves did not differ significantly on Post 1 (ED 50 : 2.36; CL: 1.68e3.33) or 2 (ED 50 : 3.57; CL: 2.55e5.02; see Fig. 1 ; top left). Cocaine-like responding after 10 days of repeated stress was shifted to the left compared to the baseline (see Fig. 1 Fig. 1; top right) . Interestingly, maximal cocaine-like responding was lower than the baseline maximum and while cocaine still engendered dose-dependent increases in cocaine-like responding, there was a trend toward decreased cocaine-like responding that reached a maximum of 89% before falling to 82% on Post 1 and a maximum of 85% and decreasing to 72% on Post 2 at the higher cocaine doses (i.e., 10 and 18 mg/kg).
Rate of responding
Rate of responding during cumulative dose cocaine testing is shown in Fig. 1 (lower panels) . The 2 Â 3 Â 6 mixed ANOVA with the within-subject factor of Day (Post 1 and 2) and the betweensubjects factors of Group (Handled, Repeated Stress and Variable Stress) and Dose (0, 1.0, 3.2, 5.6, 10, 18 mg/kg) revealed no significant main or interaction effects.
Body weight
The ANOVA on body weight revealed a significant effect [F(2,17) ¼ 12.883; p < 0.01]. Post-hoc tests showed that the Variable Stress group gained significantly less weight than both the Handled and Repeated Stress groups (both p's < 0.05). Change in body weight during the 10-day handling/stress procedure is shown in Fig. 2. 
Corticosterone
Mean corticosterone levels are shown in Fig. 3 . The ANOVAs revealed that there were no differences in corticosterone levels between Handled, Repeated Stress and Variable Stress groups 24 h after handling/stress (see Fig. 3A ) or 15 min after a 10 mg/kg, IP cocaine injection (Fig. 3B ).
Western blots
The ANOVA on density of DAT revealed significant differences in the PFC [F(2,14) There was no NET detectable in the VTA (not shown). Post-hoc analyses found that the Repeated Stress group had higher levels of NET in the NAc compared to the Variable Stress group (p < 0.05). In the CPU, the Repeated Stress group had lower levels of NET compared to the Handled controls (p < 0.05; Fig. 4C ).
ANOVA on density of cFos revealed significant differences in the NAc [F(2,14) ¼ 39.49; p < 0.001] and CPu [F(2,14) ¼ 58.668; p < 0.001] but no differences in PFC or VTA. Post-hoc analyses found that in the NAc all groups were different from each other with the Variable Stress group having the lowest density of cFos, Handled controls having the highest density and the Repeated Stress group being intermediate (all p's < 0.01). In the CPu, Repeated and Variable Stress groups had lower levels of cFos compared to the Handled controls (p's < 0.001). Data are shown in Fig. 5A .
The ANOVA on density of b-actin found that there was no difference in PFC, NAc or VTA [all F's < 0.768; p's < 0.05]. An overall significant difference in the CPu was found, but post-hocs revealed that no group was significantly different from the others, suggesting that differences found in the other proteins described above were due to experimental manipulations and not protein loading onto the gels. b-actin is shown in Fig. 5B .
Discussion
In the present study, we used an animal model of the subjective effects of drugs (drug discrimination) to study changes to cocaine's interoceptive cue after a period of forced abstinence when animals were exposed to two schedules of stressor presentation, repeated or variable. Further, monoamine transporter density was measured to investigate the effects of these stressors on cocaine's direct pharmacological targets that may give insight into changes in cocaine's discriminative stimulus. Understanding how stressors are able to alter the subjective effects of drugs of abuse during periods of abstinence at the behavioral and neurochemical level may lead to more effective treatment and relapse-prevention strategies.
We demonstrated for the first time that exposure to repeated or variable stress, produced distinct alterations in cocaine's interoceptive cue which may be related to activation of different neurotransmitter systems. Specifically, exposure to repeated stress produced a transient left-ward shift in the cocaine doseeeffect curve, indicating increased sensitivity to the cocaine cue. In the Variable Stress group, ED 50 values after stress did not differ from baseline although an interesting pattern of decreased maximal levels of cocaine-like responding at the two highest doses of cocaine was found (see Fig. 1 ). Specifically, cocaine-like responding reached a maximum of 89e85% at 5.6 mg/kg which decreased to 82e72% at 10 and 18 mg/kg during post stress testing. This was in contrast to both Handled and Repeated Stress groups where complete generalization was maintained after it had been reached (regardless of dose). These differences were not the result of general disruptions in operant responding as there were no differences between the groups in rate of responding. The different patterns of cocaine-like responding between the Repeated Stress and Variable Stress groups were paralleled by changes in different monoamine transporters found in mesolimbic brain regions. The increased cocaine-like responding in the Repeated Stress group may be the result of differences found in DAT in the PFC and NET in the NAc and CPu. In contrast, the Variable Stress group showed DAT alterations in PFC, CPU, and VTA and SERT in NAc and VTA.
While repeated stress did produce statistically significant leftward shifts on Post 1, these were perhaps smaller than might have been anticipated. Unpublished observations from our laboratory have found that in a subset of rats trained under similar conditions to the present study, a single restraint stress presented 15 min prior to the drug discrimination session produced an almost 10-fold left-ward shift in the cocaine doseeeffect curve (Kohut, unpublished) . This suggests that adaptive changes may have occurred with repeated exposure to the same stressor. In support of this idea, we found reduced c-Fos density (a measure of neuronal activation) in NAc and CPu in the Repeated Stress group. This is in contrast to the changes found in norepinephrine (Florin et al., 1995; Rosario and Abercrombie, 1999; Wong et al., in press) activity in the NAc and CPU (see also de Boer et al., 1989) , which suggest greater activation. McClung and Nestler (2003) have shown that chronic exposure to drugs of abuse and stress (Berton et al., 2007; Ohnishi et al., 2011) decreases levels of immediate early gene markers of neuronal activation (i.e., c-Fos) in favor of more stable markers such as DFosB, c-Jun, and/or CREB. Anecdotally, behavioral changes were also noted during the repeated stress procedure that was not seen in the Handled or Variable Stress groups. Specifically, defensiveburying behaviors (de Boer and Koolhaas, 2003; WoodsKettelberger et al., 1997) were prominent in the Repeated Stress group when rats were moved to the room associated with stress application after about 3 days of exposure (see also Pinel and Treit, 1978) . More work investigating the effects of chronic repeated stress should shed light onto the behavioral and physiological mechanism responsible for this effect.
The influence of variable stress on the discriminative stimulus effects of cocaine was surprisingly different from repeated stress. In fact, while cocaine-like responding was enhanced after repeated stress, variable stress exposure decreased cocaine's efficacy in eliciting cocaine-like responding. The maximal level of cocaine-like responding after variable stress was attenuated when compared with baseline levels (shown in Fig. 1 ) despite a cumulative dose that was nearly 2-fold greater than the training dose. One possible explanation for a decrease in efficacy is that variable stress could produce insurmountable tolerance to the discriminative stimulus effects of cocaine, an effect previously reported after chronic highdose cocaine exposure (Wood and Emmett-Oglesby, 1987) . In support of this idea, variable stress has been shown to attenuate DA efflux in the NAc (Ahmad et al., 2010; Bekris et al., 2005; DiChiara et al., 1999; Mangiavacchi et al., 2001; Tata et al., 2007) . Attenuated DA release in the NAc might prevent the maximal level of intrinsic activity needed by DA receptor activation to be achieved to fully reproduce the cocaine discriminative stimulus (c.f., Colpaert, 1988) . Further support comes from studies showing that serotonin has an inhibitory effect on cocaine-induced dopamine release in rats (Navailles et al., 2007) and non-human primates (Czoty et al., 2002) . Callahan and Cunningham (1997) found that in cocaine discriminating rats, a pre-session administration of serotonin agonists (buspirone and gepirone) resulted in a modest attenuation of cocaine-like responding similar to the present study. We found that Variable Stress rats showed increased SERT density in NAc and VTA suggesting possible compensatory effects of elevated serotonin in these regions. While a general increase in serotonin neurotransmission would be expected to activate multiple serotonin receptor subtypes it is possible that activation of specific receptor subtypes are primarily involved in the decreased efficacy found in the present study (Navailles et al., 2007) .
A major finding in the present study was that exposure to the two stressors produced differential alterations of neurotransmitter systems in a brain-region specific manner. We chose to measure monoamine transporters because they are highly regulated by changes in the synaptic environment (Lin et al. 2011; Zahniser and Sorkin, 2005) . Interestingly, the only similarity in transporter alterations between the two stress groups was in DAT density in the PFC where both Repeated and Variable Stress groups showed significantly lower levels compared to Handled controls. The Variable Stress group also had higher levels of DAT in the CPu and VTA compared to the Repeated stress and Control groups. It is not surprising that variable stress produced more robust effects on DA in the areas measured as it has been suggested that mesolimbic DA is particularly susceptible to the effects of variable (compared to repeated) stress because of the alterations in cocaine responsivity and intracellular pathways that have previously been demonstrated in this region (Haile et al., 2001; Ortiz et al., 1996) . While extracellular neurotransmitter levels were not measured in the present study, the absence of an effect of variable stress on NAc DAT is similar to previous reports showing that baseline extracellular DA levels are not different from controls (DiChiara et al., 1999; Raudensky and Yamamoto, 2007) . The most relevant changes in monoamine transporters to the present study lie in the differences found in the NAc and VTA. Nakajima et al. (2004) reported that the discriminative stimulus effects of psychostimulants appear to be directly related to neuronal activation in NAc and VTA (but not 13 other brain regions). Thus, the fact that the Variable Stress group showed increased SERT density in NAc and VTA and increased DAT in VTA while repeated stress showed only increases in NET in the NAc may explain the differences found in cocaine's interoceptive cue. The absence of differences in NAc DA at baseline suggests that the mesolimbic response to a stimulus such as cocaine administration (see also Raudensky and Yamamoto, 2007) is modulated by altered serotonin or norepinephrine inputs from unknown brain regions.
The basis for the changes in dopamine, norepinephrine and serotonin between Repeated and Variable Stress groups is unknown and worth further investigation. We found the typical delay in body weight increases over the stress period that is seen in variable stress protocols but absent with repeated stress, suggesting differences in physiological responses between the two stress procedures. However, we did not find differences in absolute corticosterone levels (Fig. 2) which differs from previous reports with variable stress (Haile et al., 2001 ; though see Bielajew et al., 2002) . A possible explanation may be that the chronic cocaine exposure used in the present study altered HPA-axis function (Borowsky and Kuhn, 1991; Mello and Mendelson, 2003) , which wasn't seen in drug-free or acute procedures used in other studies. An intriguing series of recent studies found that alterations in the pattern of corticosterone release elicits different neuronal responses at the molecular level (Sarabdjitsingh et al., 2010a,b ; see also Sarnyai et al., 2001 ). It has previously been shown that repeated and variable stress produce different patterns of corticosterone release with sustained elevations characterizing the response to variable stress and more rapid after repeated stress suggesting that it may be the pattern of corticosterone increases rather than the absolute levels. Clearly, more work is needed to clarify the molecular mechanisms that underlie the behavioral and neurochemical differences between different types of stressors.
The results of the present study have major implications for prevention of stress-induced relapse and suggest novel targets for prevention. Stress-induced relapse has received considerable attention recently by preclinical and clinical researchers. Currently, a number of adrenergic medications are being investigated as prevention of relapse with varying levels of efficacy (Erb et al., 2000; Jobes et al., 2011; Kampman et al., 2001) . This is consistent with the current results in predictably stressed rats. However, our data in the Variable stress group suggests that serotonin may also be an important target for future investigations. Serotonergic medications such as buspirone and several selective serotonin reuptake inhibitors are FDA-approved and would facilitate clinical use. Further, mixed monoamine releasers or monoamine transport inhibitors (Negus et al., 2007; Rothman et al., 2008) during early relapse could possibly be effective in modulating (or normalizing) both systems and preventing stress-induced relapse regardless of the types of stressor encountered. Future clinical studies may determine whether the subjective effects of different stressors are attenuated by pretreatment with antidepressants in drugexperienced subjects and shed more light on this important issue.
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